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/ 

BY 

”- R. J. Diersing, D. C. Carmichael, H. D. Hanes, and E. S. Hodge 

BATTELLE MEMORIAL INSTITUTE 

SUMMARY 

The gas-pressure-bonding process was s u c c e s s f u l l y  
f a b r i c a t i o n  technique f o r  making s t a i n l e s s  s t e e l - r e i n f o r c e d  b e r y l l i u m  
hyperve loc i  t y  impact t a r g e t s  Three designs f o r  r e i n f o r c i n g  the  

ment, w i  re-mesh reinforcement, and compartmented reinforcement.  
Twelve tubular-shaped r e i n f o r c e d  b e r y l  1 ium t a r g e t s  were prepared from 
b e r y l  1 ium powder and the appropriate s t a i n l e s s  s t e e l  rein-forcernent. 
Gas-pressure-bonding cond i t i ons  o f  1500°F f o r  2 hours a t  10,000 p s i  
were u t i l i z e d  t o  d e n s i f y  the b e r y l l i u m  powder t o  approx imate ly  t h e o r e t i c a l  
d e n s i t y  and imultaneously bond the b e r y l l i u m  t o  the  s t a i n l e s s  s t e e l  
r e i n f o r c e m e n 5  A1 1 t h ree  methods s tud ied  t o  r e i n f o r c e  the b e r y l  1 ium 
were s u c c e s s f u l l y  f a b r i c a t e d  and were demonstrated t o  be feas ib le .  
The compartmented,reinforced specimens requ i red  more i nvo l ved  prepara- 
t i o n  than the  o t h e r  two designs, however. Also, c rack ing  occurred i n  
some o f  t he  compartmented-design specimens d u r i n g  f i n a l  machining. The 
k inked-wi re f i lament  and wire-mesh r e i n f o r c e d  s t r u c t u r e s  
promis ing and p r a c t i c a l  t o  fab r i ca te .  

b e r y l  1 ium s t r u c t u r e s  were f a  c i i c a t e d :  k inked-wi re f i l a m e n t  c.einforce- 

I NTRODUCT I ON 

A prev ious program was conducted a t  B a t t e l l e  employing the  gas- 
pressure-bonding process f o r  t h e  f a b r i c a t i o n  o f  non- r e i n f o r c e d  t u b u l a r  
b e r y l l i u m  impact t a r g e t s  w i t h  inner  l i n e r  tubes o f  s t a i n l e s s  s t e e l  o r  
columbium a1 l o y  (Ref. 1 ) .  Successful f a b r i c a t i o n  techniques were 
developed fo r  these targets .  However, c rack  propagat ion i n  the  b e r y l  1 ium 
t a r g e t s  f a b r i c a t e d  by a l l  methods has been a major problem. Impact by 
a h i g h - v e l o c i t y  p r o j e c t i  l e  on the surface o f  a t u b u l a r  b e r y l  1 ium t a r g e t  
w i l l  cause b r i t t l e  crack propagat ion which d iverges from the impact area. 
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I t  was considered, there fore ,  t h a t  t h e  a d d i t i o n  o f  re in fo rcement  t o  
t h e  s t r u c t u r e  i n  the  form o f  a d u c t i l e  d i s p e r s i o n  may r e s t r i c t  o r  l i m i t  
t h e  amount o f  c r a c k i n g  experienced. 
ceramics had shown t h a t  t h e  d u c t i l e  phase i n  a b r i t t l e  m a t r i x  absorbs 
much o f  t h e  energy spent i n  c r a c k i n g  t h e  b r i t t l e  m a t r i x  and l i m i t s  

Work a t  B a t t e l  l e  on w i r e - r e i n f o r c e d  

crack ing.  

The present  program was 
pressure bonding t h e  d e s i r e d  
f o r  hyperveloc i  t y  impact tes  
which uses an i n e r t  gas a t  h 
d e n s i f i c a t i o n  and bonding o f  
i n  the  l i t e r a t u r e .  (Refs. 2 

MATER 

conducted t o  develop techniques for  gas- 
r e i n f o r c e d  s t r u c t u e s  and t o  prepare t a r g e t s  
i ng. The gas-pressure-bondi ng process, 
gh temperatures and pressures t o  accompl ish 
m a t e r i a l s ,  has been descr ibed i n  d e t a i l  
and 3 ) .  

ALS AND PROCEDURES 

The b e r y l l i u m  powder employed i n  t h e  f a b r i c a t i o n  o f  t h e  hyper-  
v e l o c i t y  t a r g e t s  was QMV grade powder f rom Brush B e r y l l i u m  Company. 
Table 1 i s  t h e  c e r t i f i e d  a n a l y s i s  o f  t h e  powder s u p p l i e d  by t h e  vendor. 
The s t a i n l e s s  s t e e l  tube used as t h e  l i n e r  was Type 316 and was 
O.5OO-in. OD w i t h  O.O28-in.- th ick w a l l ,  The wire.mesh, w i r e  f i laments ,  
and compartment spacers a l s o  were f a b r i c a t e d  from Type 316 s t a i n l e s s  
s t e e l .  

TABLE 1. ANALYSIS OF BERYLLIUM 

C o n s t i t u e n t  Wei q h t  Percent 

Be 98.5 

Be0 1.79 

A1 .09 

C .09 

Fe .12  

Mg . O l  

S i  .04 
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The t a r g e t s  fab  i ca t  d f o r  h rperve loc i ty  impact t e s t i n g  cons is ted  
o f  a t h i c k - w a l l  tube o f  b e r y l l i u m  which was l i n e d  on the i n s i d e  diameter 
w i t h  a t h i n - w a l l  tube o f  s t a i n l e s s  s tee l .  The b e r y l l i u m  p o r t i o n  o f  the 
composite had an OD o f  1.225 in. and an I D  o f  0.500 in. As f a b r i c a t e d  
i n  t h i s  program, the  b e r y l l i u m  tube conta in ing the s t a i n l e s s  s t e e l  re- 
inforcement w i  r e  o r  compartment i ng sheet was compacted from powder. 
Th is  be ry l l i um-mat r i x  tube was l i n e d  on the i n s i d e  diameter w i t h  a 
s t a i n ! e s s  s t e e l  tube which i s  0.500-in. OD and 0.444-in. iD, and the 
s t a i n l e s s  tube was bonded t o  t h e  b e r y l l i u m  tube du r ing  t h e  gas-pressure- 
bonding operat ion.  The t a r g e t  l eng th  was 4 inches. 

Three d i f f e r e n t  designs were i nves t i ga ted  f o r  the f a b r i c a t i o n  o f  
the S ta in less  s t e e l  r e i n f o r c e d  hyperve loc i t y  t a rge ts .  I n  t h e  mesh 
r e i n f o r c e d  design, QMV grade powder was c o l d  h y d r o s t a t i c a l l y  pressed 
throughout th ree  cy1 i n d r i c a l  s t a i n l e s s  s t e e l  meshes e q u a l l y  spaced w i t h i n  
one another and concen t r i c  around the  s t a i n l e s s  s t e e l  l i n e r  tube. I n  
the  k inked- f i l amen t  design, a m i x t u r e  o f  QMV powder and 1/2-in.- long, 
0.0O5-ine-diameter k inked wi res was co ld h y d r s s t a t i c a l  l y  pressed around 
t h e  s t a i n l e s s  s t e e l  tubing. The t h i r d  design employed a compartmented 
s t r u c t u r e  w i t h  s t a i n l e s s  s tee l  spacers and r i n g s  separat ing c o l d  d ie -  
pressed b e r y l l i u m  segments. I n  a l l  cases a m i l d  s tee l  mandrel was 
placed i n s i d e  the s t a i n l e s s  s t e e l  l i n e r  tube t o  s i z e  the  i n s i d e  diameter 
du r ing  d e n s i f i c a t i o n .  The assembled specimens were then sealed i n  
evacuated m i l d  s tee l  cans and gas-pressure bonded t o  achieve densi-  
f i c a t i o n  o f  t he  powder composite and bonding between t h e  b e r y l l i u m  and 
s t a i n l e s s  s t e e l  components. 

The assembly o f  these composite s t r u c t u r e s  f o r  h y d r o s t a t i c  p ress ing  
was s i m i l a r  t o  the technique described i n  a previous r e p o r t  (Ref. 1 ) .  
However, t o  e l i m i n a t e  camber encountered d u r i n g  h y d r o s t a t i c  p ress ing  i n  
the  previous program the m i l d  s t e e l  center ing wheels were replaced w i t h  
rubber corks. Holes d r i l l e d  i n  the center o f  the corks a l lowed t h e  
l i n e r  tube and mandrel t o  f i t  t i g h t l y .  Dur ing h y d r o s t a t i c  pressing, 
these rubber stoppers were f r e e  t o  move, e l  imiwat ing t h e  camber. 

The h y p e r v e l o c i t y  t a r g e t s  w e r e  gas-pressure bonded a t  1500°F f o r  
2 hours a t  10,000 ps i .  The general procedures and equipment used have 
been descr ibed i n  t h e  l i t e r a t u r e .  (Refs. 2 and 3 ) .  A f t e r  bonding, the 
m i l d  s t e e l  cans and i n s i d e  mandrel were removed from the  t a r g e t s  by 
an a c i d  p i c k e l  c o n s i s t i n g  o f  an aqueous 50 volume percent n i t r i c  a c i d  
s o l u t i o n  maintained a t  120°F. The b e r y l l i u m  t a r g e t s  were then machined 
and hand po l i shed  t o  f i n a l  dimensions. The appearance o f .one  o f  t he  
t a r g e t s  a f t e r  f i n a l  machining i s  shown i n  F igu re  1. Eva lua t i on  i n  t h i s  
program consis ted o n l y  o f  app ra i sa l  o f  techniques du r ing  development o f  
t h e  f a b r i c a t i o n  procedures and v i sua l  examination o f  t he  specimens. 

K I  NKED-WI RE REU NFORCED PARGETS 

The k inked-wi re f i laments f o r  t h i s  composite s t ruc tu re ,  which 
a r e  i l l u s t r a t e d  i n  F igure 2 ,  were f a b r i c a t e d  from Type 316 s t a i n l e s s  
s t e e l  wire, 0.005-in. i n  diameter-. Each f i b e r  was 1/2-in. long and 
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k inked 90 degrees a t  t h e  center .  I n  o r d e r  t o  f a b r i c a t e  t h e  f i laments ,  
t h e  s t a i n l e s s  s t e e l  w i r e  was c o n t i n u o u s l y  wrapped around a square 
s t e e l  bar, and clamps were a p p l i e d  t o  h o l d  t h e  w i r e  i n  place. Then, 
a small c u t - o f f  wheel was used t o  c u t  t h e  f i l a m e n t s  t o  s ize.  Approx imate ly  
15,000 f t .  o f  w i r e  was f a b r i c a t e d  i n t o  k inked f i l a m e n t s .  

The b e r y l l i u m  powder and k inked-wi re  f i l a m e n t s  were v i b r a t o r y  packed 
i n t o  the assembly. Approximately 10 volume percent  o f  t h e  assembly 
was w i r e  f i laments .  A f t e r  pressure bonding, t h i s  percentage would 
become approx imate ly  15 percent  based on d e n s i f i c a t i o n  o f  t h e  b e r y l l i u m  
powder. The specimens were h y d r o s t a t i c a l l y  pressed a t  75,000 p s i .  
Then the specimens were rough machined, and canned i n  m i l d  s t e e l .  They 
were evacuated t o  an atmosphere o f  about 10 microns p r i o r  t o  gas-pressure 
bonding. 

The b e r y l l i u m  armor r e i n f o r c e d  w i t h  t h e  k inked-wi re  f i l a m e n t s  was 
s u c c e s s f u l l y  f a b r i c a t e d  and appears to  be a v e r y  p romis ing  s t r u c t u r e .  
Dur ing t h e  f a b r i c a t i o n  o f  t h i s  design, t h e  assembly, c o l d  press ing,  
p r e l i m i n a r y  machining, gas-pressure compaction, and f i n a l  machin ing 
o f  the  t a r g e t s  were a l l  r e a d i l y  accomplished. F a b r i c a t i o n  o f  t h e  k inked 
w i r e s  a l s o  appears t o  be p r a c t i c a l  f o r  producing l a r g e  numbers o f  
f i laments. 

Improved techniques f o r  c o l d  h y d r o s t a t i c  p ress ing  o f  t h e  specimens 
were developed i n  t h i s  program and used t o  c o l d  compact t h e  k i n k e d  w i r e  
and the mesh r e i n f o r c e d  ta rge ts .  The p r e v i o u s l y  encountered problem 
o f  l o n g i t u d i n a l  camber was e l i m i n a t e d  i n  t h e  h y d r o s t a t i c a l l y  pressed 
specimens i n  t h i s  program. T h i s  was accomplished by t h e  use o f  t h e  
movable end components d u r i n g  h y d r o s t a t i c  p r e s s i n g  as descr ibed p r e v i o u s l y .  

WIRE-MESH RESNFORCED TARGETS 

The wire-mesh r e i n f o r c e d  des ign i n c o r p o r a t e d  t h r e e  wire-mesh tubes 
centered around t h e  s t a i n l e s s  s t e e l  l i n e r  tube., The i n n e r  mesh tube 
was about 0.500 in. i n  diameter, t h e  m i d d l e  mesh tube 0.750 in. i n  
diameter, and t h e  o u t e r  mesh tube 1.000 in. i n  diameter. The mesh tubes 
were centered by means o f  s t a i n l e s s  s t e e l  w i r e  in terwoven throughout  
t h e  mesh and l i n e r  tube. F i g u r e  3 shows t h e  mesh and l i n e r  tub ing.  The 
mesh was 16 b y  16 w i r e s  p e r  i n c h  woven f r o m  0.025- in0-d iameter  Type 316 
s t a i n l e s s  s t e e l  wire.  The QMV b e r y l l i u m  powder was loaded t h r o u g h t  t h e  
re in forcement  s t r u c t u r e  and t h e  composi te was c o l d  h y d r o s t a t i c a i l y  
pressed a t  75,000 ps i .  The specimens were then machined t o  s i z e  t o  f i t  
i n  a m i l d  s t e e l  can f o r  gas-pressure bonding. 

These t a r g e t s  were a l s o  s u c c e s s f u l l y  f a b r i c a t e d .  As ment ioned i n  
connect ion w i t h  t h e  k i n k e d - f i l a m e n t  r e i n f o r c e d  s t r u c t u r e s ,  t h e  improved 
h y d r o s t a t i c  p ress ing  procedures produced specimens w i t h o u t  s i g n i f i c a n t  
camber o r  o t h e r  d i s t o r t i o n .  Based on t h i s  and t h e  o t h e r  developments 
and observa t ion  d u r i n g  t h e  p r e p a r a t i o n  o f  these specimens, f a b r i c a t i o n  
o f  t h i s  type o f  s t r u c t u r e  appears p r a c t i c a l .  
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A f t e r  f i n a l  machining o f  one o f  the ta rge ts ,  i t  was noted t h a t  t h e  
w i r e  mesh was o f f - c e n t e r  a t  one end, The s h i f t  o f f - c e n t e r  occurred 
e i t h e r  du r ing  h y d r o s t a t i c  press ing o r  gas-pressure bonding. 
e a s i l y  be cor rec ted  i n  any fu tu re  specimen by  in terweaving more s t a i n l e s s  
w i r e  d u r i n g  cen te r ing  o f  the  mesh. 

Th is  can 

COMPARTMENTED REBNFORCED TARGETS 

I n  t h i s  design, l o n g i t u d i n a l  and c i r cumfe ren t ia l  s t a i n i e s s  steel 
spacers which were 10 m i l s  t h i c k  were assembled around the  s t a i n l e s s  
s t e e l  l i n e r  tube a t  1/2-in. i n t e r v a l s .  Be ry l l i um segments, 1/2 in. t h i c k  
were c o l d  pressed i n  a d i e  a t  80,000 psi  from QMV powder. F igure  4 i s  
a photograph o f  the  d i e  and punches and F igure  5 i l l u s t r a t e s  a co ld -  
pressed b e r y l l i u m  segment. The segments were then inse r ted  between t h e  
s t a i n l e s s  s t e e l  spacers, which a r e  i l l u s t r a t e d  as an assembled u n i t  i n  
F igure  6. 
o f  t h e  adjacent  b e r y l  1 ium segments. Each t a r g e t  requi  sed 48 segments. 
A f t e r  t h e  s t r u c t u r e  was assembled, i t  was canned i n  m i l d  s t e e l  i n  pre- 
p a r a t i o n  f o r  pressure bonding, 

Holes were d r i l l e d  i n  the  spacers t o  a l l o w  contac t  and bonding 

The compartmented re in fo rced  ta rge ts  do no t  appear as promis ing as 
t h e  o t h e r  two designs. The pressed b e r y l l i u m  segments d i d  n o t  d e n s i f y  
u n i f o r m l y  du r ing  pressure bonding and, as a resu l t ,  two o f  t h e  t a r g e t s  
prepared were undersize a f t e r  machining, Also, t h e  o the r  two t a r g e t s  
prepared o f  t h i s  des ign f r a c t u r e d  dur ing f i n a l  machining. The f r a c t u r e  
occurred between t h e  s ta in less  s t e e l  webbing and the  b e r y l l i u m  segments. 
I t  was a l s o  found t h a t  t h e  t ime requ i red  f o r  component p repara t i on  and 
assembly o f  t h i s  des ign was s i g n i f i c a n t l y  longer  than f o r  e i t h e r  o f  t h e  
o t h e r  two designs. 

Based on the prepared compartmented ta rge ts ,  however, t h e  f a b r i -  
c a t i o n  o f  t h i s  design s t i l l  appears feas ib le .  Th is  type  o f  s t r u c t u r e  
would r e q u i r e  more development o f  f a b r i c a t i o n  techniques than t h e  o t h e r  
two designs, and would be i n h e r e n t l y  more expensive t o  produce. Also, 
i t  should be noted t h a t  the  f r a c t u r e  o f  two o f  these compartmented 
t a r g e t s  du r ing  f i n a l  machining may ind i ca te  t h a t  the  s t r u c t u r e  does n o t  
have t h e  des i red  hyperve loc i t y  impact res is tance,  

CONCLUSU OblS 

The f o l l o w i n g  conclusions concerning t h e  f a b r i c a t i o n  o f  t h e  s t a i n -  
l e s s  s t e e l  re in fo rced  b e r y l  1 ium ta rge ts  a r e  based p r i m a r i l y  on obser- 
va t i ons  made du r ing  processing o f  the t a r g e t s  and on v i s u a l  examinat ion 
o f  t h e  f a b r i c a t e d  ta rge ts :  

1. S a t i s f a c t o r y  techniques were developed f o r  the  f a b r i c a t i o n  

The b e r y l  1 ium t a r g e t s  f a b r i c a t e d  were f u l  l y  
by gas-pressure bending o f  s ta in less  s t e e l - r e i n f o r c e d  b e r y l -  
1 ium targets .  
dense and e a s i l y  machined and po l i shed  a f t e r  gas-pressure 
bond i ng 
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2. Movable rubber end stoppers were success fu l l y  employed i n  
the  c o l d  h y d r o s t a t i c  p ress ing  opera t i on  t o  e l i m i n a t e  a pre- 
v i o u s l y  encountered problem o f  l o n g i t u d i n a l  camber o f  t h e  
s ta in less  s t e e l  l i n e r  tube. 

3. The kinked-wire f i l amen t  and wire-mesh r e i n f o r c e d  designs 
appear ve ry  promis ing and p r a c t i c a l  t o  fab r i ca te .  Fur ther  
development should c o n s i s t  o f  o p t i m i z i n g  t h e  f a b r i c a t i o n  
techniques developed and t h e  composi t ion and geometry o f  these 
re in fo rced  s t ruc tu res .  

4. Fab r i ca t i on  o f  t h e  compartmented-reinforced design appears 
f e a s i b l e  bu t  not as p r a c t i c a l  as t h e  o t h e r  two designs, and 
development o f  improved f a b r i c a t i o n  techniques would be 
required. Also, t h e  p roper t i es  o f  t h i s  s t r u c t u r e  do n o t  appear 
promising, s ince  two o f  the  four  specimens prepared o f  t h i s  
design f rac tu red  dur ing  f i n a l  machining. 
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Figure 1. - Finished hypervelocity impact t a r g e t  of s ta i r i less  s t e e l -  
re inforced beryllium. 1 1/2X. 
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Figure 2. - Photograph of stainless s t e e l  kinked w i r e  f i l a m e n t s .  11/2X. 11329 



Figure 3. - Wire-mesh reinforcement centered on l i n e r  tube and mandrel. 1/2X. 



Figure 4. - Four-piece cold-pressing d i e  and punches. l / Z X .  



Figure 5.  - Cold-pressed beryllium segment. 2 1/2X. 
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Figure 6. - Stainless steel compartmented structure. 11/2X. 



NASA Contractor Report 

GAS-PRESSURE BONDING OF STAINLESS STEEL-REINFORCED 
BERYLLIUM HYPERVELOCITY IMPACT TARGETS 

B a t t e l  l e  Memorial I n s t i t u t e  

A BSURACT 

Three c o n f i g u r a t i o n s  o f  t u b u l a r  s t a i n l e s s  s t e e l  r e i n f o r c e d  b e r y l -  
l i u m  h y p e r v e l o c i t y  impact t a r g e t s  were s u c c e s s f u l l y  bonded by  t h e  gas- 
p ressure  process. Target dimensions were nomina l l y  1.225-inch 0. D. by 
.50- inch  I . D .  by 4.0 inches long. S a t i s f a c t o r y  bonding was achieved 
on f o u r  specimens each o f  k inked-w i re  and mesh- re in fo rced composites, 
w h i l e  a compartmented c o n f i g u r a t i o n  e x h i b i t e d  incomplete bonding on 
two o u t  o f  t h e  f o u r  specimens. Process d e t a i l s  a r e  descr ibed b u t  no 
a t tempt  was made t o  o p t i m i z e  bonding parameters o r  ana lyze  t h e  bonds 
produced. 


